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Morera, M. T., Echeverría J. and Garrido, J. 2002. Bioavailability of heavy metals in soils amended with sewage sludge.
Can. J. Soil Sci. 82: 433–438. The recycling of sewage sludge to agricultural land results in the slow accumulation of potentially
toxic heavy metals in soils. A greenhouse experiment was conducted to determine the bioavailability of Cu, Ni, Pb and Zn applied
to soils in urban anaerobically stabilized sewage sludge. The soils were Lithic Haplumbrept (Lh), Calcixerollic Xerochrept
(Cx1 and Cx2) and Paralithic Xerorthent (Px). Sunflower plants (Helianthus annuus L) were grown in the soils following
amendment with the sludge. The addition of sewage sludge markedly increased the average dry weight of the plants in the soils
that had lower yields without sludge addition (Lh, Cx2, and Px). The acid pH of the Lh soil favoured the bioavailability of Zn from
sewage sludge. The bioavailability of Cu was greater in the alkaline soils than in the acidic soil (Lh), which can be attributed to
the high organic matter content of the Lh soil which complexes Cu and impairs its uptake by the plants. The concentration of met-
als in the plants increased with the sewage sludge dose. The effect of the soil type on the metal concentration in plants was greater
that the effect of the dose.
Key words: Soils, sewage sludge, heavy metals, bioavailability, sunflower
Morera, M. T., Echeverría, J. et Garrido, J. 2002. Biodisponibilité des métaux lourds dans les sols bonifiés avec des boues
usées. Can. J. Soil Sci. 82: 433–438. Le recyclage des boues usées sur les terres agricoles entraîne une lente accumulation de
métaux lourds potentiellement toxiques dans le sol. Les auteurs ont effectué une expérience en serre en vue de déterminer la
biodisponibilité du Cu, du Ni, du Pb et du Zn incorporés au sol sous forme de boues usées urbaines stabilisées par anaérobiose.
L’expérience portait sur du Haplumbrept lithique (Lh), du Xerochrept calcixerollique (Cx1 et Cx2) et du Xerorthent paralithique
(Px). Les chercheurs ont cultivé des tournesols (Helianthus annuus L.) après avoir amendé le sol avec les boues usées.
L’addition de boues augmente nettement le poids sec moyen des plantes sur les sols dont le rendement était plus faible avant
bonification (Lh, Cx2 et Px). Le pH acide du Lh accroît l’absorption du Zn des boues par les plantes. La biodisponibilité du Cu
est plus importante dans les sols alcalins que dans le sol acide (Lh). On l’attribue à la forte concentration de matière organique
dans le Lh et à la formation de complexes avec le Cu, ce qui empêche les végétaux d’absorber cet élément. La concentration de
métaux dans la plante augmente avec la quantité de boues usées employée. Le type de sol agit plus sur la concentration de
métaux lourds dans la plante que le volume de boues usées.
Mots clés: Sol, boues usées, métaux lourds, biodisponibilité, tournesol
The recycling of sewage sludge to agricultural land results
in the slow accumulation of potentially toxic heavy metals
in soils (Coker 1983). Once accumulated, heavy metals are
highly persistent in the topsoil (Alloway and Jackson 1991)
and can cause potential problems such as phytotoxicity
(Berti and Jacobs 1996) or elevated transfer to the food
chain (Page et al. 1987). The phytoavailability of heavy
metals present in the sewage sludge depends on many fac-
tors such as the nature and amount of metal, degree of metal
association in the sludge, soil, plant characteristics and
weather conditions (Jin et al. 1996). 
Trace elements are distributed in the soil in various forms:
solid phases, free ions in soil solution, soluble organic-miner-
al complexes, or adsorbed on colloidal particles. The reactions
of trace elements in soils include precipitation-dissolution,
complexation-decomplexation, and adsorption-desorption
processes (Kiekens 1984). All of these processes are directly
or indirectly affected by pH.
The addition of sewage sludge to soils could affect poten-
tial availability of heavy metals (Wang et al. 1997). The sol-
ubility and, consequently, the mobility of metals added with
sewage sludge is controlled mainly by organic matter and
oxides that act as principal adsorbents and can prevent
excessive mobilisation of heavy metals (McBride 1995).
We observed that the addition of an anaerobically stabilised
urban sewage sludge to soils increased the percentages of
metal extracted in non residual fractions: exchangeable, car-
bonates, Fe-Mn oxides and organic matter. Alkaline soils
immobilised exchangeable Zn from sludge, but they did not
show redistribution of Cu, Ni, and Pb (Morera et al. 2001).
Trace element accumulation in plants is a function of
many variables and not simply a function of trace element
applications in sewage sludge (Schmidt 1997). When the
trace elements are in the soil solution at very low concen-
tration or strongly retained in the soil phases, the plant may
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into the root. On the other hand, different mechanisms could
enable plants to tolerate elevated concentrations of metals in
the soil (Baker 1981). One is called “excluder” mechanism
whereby the plant blocks the translocation of metals from
the root in order to reduce the accumulation in the leaves.
Another physiological mechanism is saturation of the sys-
tem, which is responsible for transporting metals into the
root. McBride (1995) postulated that root avoidance of a
surface-contaminated soil layer may reduce metal uptake by
plants growing in sludge-amended soils.
The primary objectives of this study were to determine
the availability of Cu, Ni, Pb and Zn from municipal sewage
sludge to sunflower plants, in four soils with different physi-
co-chemical properties; to evaluate the influence of sewage
sludge dose and soil type on the bioavailability; and to
investigate the interactions among these variables. 
MATERIALS AND METHODS
Soils and Sewage Sludge
Surface horizons (0–15 cm) of four soils were collected in
Navarra, Spain. According to Soil taxonomy (Soil Survey
Staff 1975), the soils were Lithic Haplumbrept (Lh),
Calcixerollic Xerochrept (Cx1 and Cx2), and Paralithic
Xerorthent (Px). The Lithic Haplumbrept was an acidic
uncultivated soil, whereas Cx1, Cx2 and Px were alkaline
and represented a large proportion of the agricultural area in
Navarra. Chemical and physical soil properties (Table 1)
were determinated on air-dried soils (< 2 mm) as described
by Echeverría et al. (1999). The sludge was collected from
the Wastewater Treatment Plant of Arazuri, which receives
domestic and industrial water from Pamplona, Spain. Prior
to incorporation into the soils, the sludge was air-dried at
room temperature, homogenised, and stored in unsealed
plastic bags. The sludge had a pH of 7.3, a water content of
68.3%, and contained 22.6% organic C, 2.2% total N, 0.2%
K2O and 3.5% P2O5 on a dry weight basis. Mean concen-
trations (mg kg–1 dry matter) of heavy metals in the sludge
were: Zn, 1503; Cu, 325; Pb, 201; and Ni, 95. These con-
centrations are typical of those found in municipal sludges
with low proportions of industrial sewage, and were far
below the Spanish (Boletín Oficial del Estado 1990) and
European (Community European Council 1986) limit values
for agricultural use. Metals in the sewage sludge were frac-
tionated using the Tessier et al. (1979) sequential extraction
procedure. More than 10% of Ni and Zn were found in eas-
ily mobilizable forms, exchangeable and carbonates, where-
as Cu and Pb appeared in somewhat more resistant forms,
organic matter and residual fractions (Morera et al. 2001).
Greenhouse Experiment 
Four-kilogram samples of each air-dried, sieved soil were
thoroughly mixed in pots with the air-dried, ground,
homogenised sludge to produce mixtures equivalent in the
field to application rates of 0 (control), 80, 160, and 320 t
ha–1. Each treatment was replicated three times. Assuming
an incorporation depth of 30 cm, the doses of sewage sludge
were 26.7, 53.4, and 107 g dry weight dm–3 for 80, 160 and
320 t ha–1 application rates, respectively. These application
rates were considerably greater than would be recommend-
ed in agricultural practice. Table 2 includes the sewage
sludge dose for each treatment and the concentrations (kg
ha–1) of Zn, Cu, Pb and Ni added to the soils for the differ-
ent doses of sewage sludge. 
All treatments received fertilization with N (500 mg
NH4NO3 pot–1), and 20% (vol/vol) of perlite to improve aer-
ation. After the addition of sewage sludge, the potted soils
were watered with deionized water to approximate field
capacity and allowed to incubate for a month on a green-
house bench. Five sunflower (Helianthus annuus L.) seeds
were planted in each pot. Upon emergence, plants were
thinned to two per pot in Cx1, Cx2 and Px soils; in Lh, three
plants were cultivated because the pot was larger. Sunflower
plants were allowed to grow until floral buds emerged. The
plant growth depended on the soils and sludge doses. Plants
growing in amended Lh soils were collected 19 d before
plants cultivated in Cx1, Cx2 and Px soils. At harvest, roots,
shoots and flowers were collected separately, washed with
water to remove any attached particles, rinsed twice with
deionized water, and oven-dried at 72ºC for 72 h. After dry-
Table 1. Selected physical and chemical characteristics of soils 
Lithic Calcixerollic Calcixerollic Paralithic
Haplumbrept (Lh) Xerochrept (Cx1) Xerochrept (Cx2) Xerorthent (Px)
Particle size (g kg–1)
>50 µm 361 215 499 27
50–2 µm 408 410 291 579
<2 µm 231 375 210 394
Textural class Loam Clay loam Loam Silty clay
Main clay mineralsz I I M, C, I I
Total C (g kg–1) 108 15 45 56 
Inorganic C (g kg–1) 2.0 7.0 23 51 
Organic Cy (g kg–1) 106 8.0 22 5 
Total N (g kg–1) 4.5 2.0 1.3 1.8 
CECx (cmol kg–1) 17.3 23.9 10.7 14.8
pH (saturated paste 5.0 7.2 7.9 8.1
Surface area (BET)w (m2 g–1) 8.0 50 30 25 
zI = illite, M = montmorillonite, C = chlorite.
yObtained by difference.
xCEC = cation exchange capacity.
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ing, plants were ground and stored in a sealed plastic bags
placed inside a desiccator. After incubation, soil pH was
measured in a 1:1 soil/water suspension after equilibration
for 1 h (McLean 1982).
Plant Cu, Ni, Pb and Zn concentrations were determined
on homogenised samples of each plant in each pot by nitric
acid digestion (Jackson and Alloway 1991) and atomic
absorption spectrophotometry (Perkin-Elmer, model 2100,
‹berlingen, Germany). The wavelengths were: Cd, 230.0
nm; Cu, 324.8 nm; Pb, 283.3; and Zn, 213.9 nm. The flow
rates were 3.0 L min–1 for air and 1.0 for acetylene.
Five subsamples of certified reference rye grass (CRM
281, Retieseweg, Belgium), containing similar trace ele-
ment concentrations as the sunflower plants were included
in addition to reagent blanks. The elemental concentration
measurements were found to be comparable with certified
values of the CRM sample.
RESULTS AND DISCUSSION
Figure 1 shows the average dry weight of the plants as a
function of sewage sludge rates for the four soils. The addi-
tion of sewage sludge markedly increased the average dry
weight of the plants in the soils with lower yields of dry veg-
etal matter for the control treatment. In control soils, the
largest average weight corresponded to Cx1 soil (11.8 g
plant–1), approximately 2.5 times bigger than the average
weight of the plants grown in Cx2 and Px, and 35 times big-
ger than the average weight for Lh soil. Crop yield in Lh soil
Table 2. Mean values of metal concentrations in sunflower plants grown in four soils (Lh, Cx1, Cx2, and Px) amended with sewage sludge. Values
are given as mean of three determinations and include standard deviation
Sewage sludge Metal added Lh Cx1 Cx2 Px
Metal (t ha–1) (kg ha–1) (mg kg–1)
Zn 0 0 157 ± 21 16.8 ± 0.8 39.7 ± 1.7 28.7 ± 0.0  
80 42 126 ± 13.9 19.8 ± 1.0 44.5 ± 8.2 32.7 ± 4.1
160 84 95.5 ± 1.15 20.1 ± 0.9 47.8 ± 3.8 30.0 ± 2.2
320 168 46.4 ± 1.25 26.6 ± 1.3 40.2 ± 3.0 30.0 ± 3.3 
Cu 0 0 7.86 ± 5.61 6.55 ± 0.37 12.6 ± 0.67 10.7 ± 0
80 9.1 9.52 ± 0.41 7.31 ± 0.69 13.8 ± 2.58 10.7 ± 0.63
160 18.2 8.70 ± 1.15 7.64 ± 0.54 21.1 ± 2.68 10.1 ± 0.88
320 36.4 6.40 ± 0.62 10.2 ± 2.47 13.9 ± 0.49 9.00 ± 0.43 
Pb 0 0 7.32 ± 2.03 3.58 ± 0.29 3.42 ± 0.38 4.42 ± 0.63
80 5.6 7.62 ± 2.09 3.83 ± 0.80 3.25 ± 0.25 4.91 ± 0
160 11.3 5.12 ± 1.15 3.50 ± 0.25 4.33 ± 0.38 4.58 ± 0.52
320 22.6 3.81 ± 1.25 3.92 ± 0.80 3.58 ± 0.14 4.08 ± 0.58 
Ni 0 0 8.45 ± 3.32 2.01 ± 0.22 3.00 ± 0.75 3.00 ± 0.43
80 2.7 3.57 ± 0.71 2.15 ± 0.34 2.92 ± 0.53 2.92 ± 0.14
160 5.3 2.74 ± 1.14 2.32 ± 0.58 3.08 ± 0.38 3.58 ± 0.14
320 10.7 2.02 ± 0.74 2.76 ± 0.42 2.87 ± 0.38 3.83 ± 0.14 
Fig. 1. Average dry weight of sunflower plants grown in
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Fig. 2. Metal uptake by plants versus metal added to soils through sludge amendment: (a) Zn; (b) Cu; (c) Pb; and (d) Ni. Results include the
standard deviation.
was very low in the control treatment probably due to acid
conditions, whereas reduced nutrient availability under
alkaline conditions could explain the low yields in Cx2 and
Px soils (Smith 1994). The rise in the productivity observed
after applying sewage sludge is attributed to the increase in
the nutrients available to plants (Rappaport et al. 1988;
Wong et al. 1996), and in the acidic soil (Lh) also to the
increase in the pH (Tadesse et al. 1991). Amendment with
sewage sludge increased pH of Lh soil by one unit after
application of 320 t ha–1, but it did not increase the pH of
alkaline soils.
Figure 2 shows metal uptake by plants against metal
added to the soil through sludge amendment. Metal uptake
by plants increased more or less linearly as the added metal
increased. The squared regression coefficients varied from
0.730 for Cu absorption by Cx2 soil to 0.995 for Pb absorp-
tion by Lh soil, and the slopes of the regression lines ranged
from 0.644 µg plant–1/ mg kg–1 for Pb uptake by Cx1 to 4.05
for Ni uptake by Px soil. We did not see differences between
nutrient (Zn and Cu) and non-nutrient (Ni and Pb) metal
uptake. Although Pb slope was always the smallest, Ni
slopes in Cx1, Cx2 and Px were higher than Zn slopes.
Table 2 shows the concentration of Zn, Cu, Pb, and, Ni in
the sunflower plants cultivated in the different soil-sewage
sludge mixtures. The results are the arithmetic means of the
values of the plants from the three pots of each treatment.
The concentration of metals in plants was within the range
of values usually found in references for different species of
non-contaminated plants, with the exception of Zn in the Lh
soil (0 t ha–1) whose concentration was higher (Fernandes
and Henriques 1991; Kabata-Pendias 2001). Amendment of
soils with sewage sludge produced opposite effects in the
concentration of metals in plants. In the acid soil (Lh), the
concentration of Zn, Cu, Pb, and Ni decreased as the sewage
sludge doses increased. In Cx1, Zn and Cu concentration in
plants increased with increasing sewage sludge doses,
whereas in Cx2 and Px soils, there were only minor changes
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We carried out analysis of variance separately on each
metal whose concentration in the plant was measured, for
the factorial of four rates of sludge and four soils, with three
replicates. A probability level of P < 0.05 was accepted as
significant. Statgraphics software version V4.1
(Manugistics 1998) was used for this purpose. The predictor
variable, which was the concentration of each metal in plant,
was statistically significant at the 99% confidence level
(Table 3). In all cases, the effect of the soil type was larger
than the dose; soil interacted with dose. The soil F-ratio was
much larger for Zn than for the other metals.
Whatever the doses of sewage applied and type of soil, Zn
was the metal with the greatest concentration in sunflower
plants. These results are in line with the fact that Zn is also
the metal that appears in greatest concentration in the
sewage sludge, and that together with Ni is released in big-
ger percentages in the more mobile fractions, i.e., exchange-
able and carbonates in the Tessier procedure (Morera et al.
2001). As shown in Table 2, Zn concentrations in plants
were greater in the acidic soil than in the alkaline ones.
These results confirm that Zn absorption depends on soil pH
(Lübben et al. 1991; Smith 1994; Planquart et al. 1999).
There is controversy about the mechanisms proposed to
explain the observed decrease in metal concentration in
plants, like the Zn response in Lh soil. Corey et al. (1987),
and Chaney and Ryan (1993) attributed the non-linear
response to attenuation of metal bioavailability by increased
sorption sites provided by the sludge constituents at the high
sludge loading rates. Alternatively, McBride (1995) and
Hamon et al. (1999) stated that physiological mechanisms,
like saturation of the system responsible for transporting
metal into the root or the blocking of translocation of metals
from the root to the shoot, could result in the concentration-
independent uptake of metals. When applying Tessier´s par-
titioning and selective extraction with DTPA solution to the
different sludge-soil mixtures, the concentration of Zn
extracted in non-residual fractions, and the concentration of
Zn extracted with DTPA solution (Lindsay and Norvell
1978) increased linearly with the total concentration of Zn
(Morera et al. 2001). Therefore, it is probable that plant
physiological factors, and not attenuation of metal bioavail-
ability by increased sorption of metals, were responsible for
the observed plateau in plant Zn uptake in Lh soil (McBride
1995; Hamon et al. 1999).
The bioavailability of Cu was lower in the acidic soil (Lh)
than in the alkaline soils. This may be partly explained by
the large organic matter content of Lh soil that complexes
Cu and impairs its uptake by the plants. Moreover, the com-
plexing capacity of the organic matter increases as a result
of the rise of the pH after addition of sewage sludge. Among
the soils of alkaline pH, the availability of Cu, like Zn, was
also markedly lower in the soil with larger carbonate content
(Px). The chemical partitioning of Cu in soils amended with
sewage sludge provided good indirect evidence to plant
availability. In Lh, approximately 98% of total Cu was
extracted in the most resistant fractions (organic matter and
residual), and only 2% of total Cu was extracted in oxides.
In alkaline soils (Cx1, Cx2 and Px) the percentage of Cu
extracted in the oxide fraction ranged from 8 to 17%, where-
as the total percentage of Cu released in organic matter and
residual fractions was below 92% (Morera et al. 2001).
In summary, the addition of sewage sludge markedly
increased the average dry weight of sunflower plants, with
lower yields of dry vegetal matter for the control treatment.
Amendment of soils with sewage sludge produced opposite
effects in the concentration of metals in plants. In the acid
soil (Lh), and due to a dilution effect, the concentration of
Zn, Cu, Pb, and Ni decreased as the sewage sludge doses
increased. In Cx1, Zn and Cu concentrations in plants
increased when the sewage sludge doses increased, whereas
in the Cx2 and Px soils, there were only minor changes in
plant metal concentrations for the different experiments.
The effect of the soil type on the metal concentration in
plants was larger that the effect of the dose.
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